We report the design and evaluation of a new spectrometer for probing fragile biomolecules in the gas phase. The spectrometer is based on a laser vaporization method to transfer biomolecules up to several hundred thousand dalton into the gas phase as intact, neutral species. This method requires the formation of a thin film containing a dye molecule and the analyte of interest which is molecularly vaporized using a high energy, pulsed laser. The gas phase, neutral analyte molecules are laser vaporized directly into a laser ionization region without the need of a pulsed nozzle. The molecules are subsequently ionized using multiphoton ionization; two-color, two-photon laser ionization is reported here. The resulting ions are detected using time-of-flight mass spectrometry. The spectrometer employs a four grid extraction system which both filters unwanted ions produced in the initial vaporization step and extracts the laser ionized species into the field free drift region. A hybrid copper-beryllium dynode with a dual microchannel plate detector is employed as the high mass ion detector and amplifier before external amplification. Anthracene-tagged nucleotides and some small test molecules are vaporized and ionized to evaluate the spectrometer.
I. INTRODUCilON
The study of biological molecules using mass spectrometry has developed steadily since its discovery. ' Numerous fundamental technological advances, including chemical ionization, field desorption, SIMS, FAB, plasma desorption, and laser desorption, were each followed by both instrumental and sampling improvements that advanced the utility of each technique.'>" Even with these improvements, the upper mass limit for the routine study of biological molecules had been -20 000 AMU through 1987. In 1987, Hillenkamp' s group discovered a technique for the simultaneous ejection into the gas phase and ionization of large, nonvolatile, thermally labile moleculess This discovery was followed by the measurement of a mass spectrum of a 67 000 AMU protein" and proteins with masses up to -450 000 AMU Ctrimer of a 150 000 AMU protein) have now been detected.5 These experiments were accomplished by mixing the analyte with an excess of a chromophore molecule ("matrix") . The analyte and chromophore were simultaneously ejected and ionized from a microcrystalline thin film of the mixture by irradiating the film with a pulsed laser tuned to an absorption peak of the chromophore/matrix. The impact of this experiment has been enormous and the analytical accomplishments of matrix-assisted laser desorption/ionization (MALDI) have been reviewed a number of times since 1987.25-9 The technique has now been used to study a wide variety of biological molecules with varying degrees of success. For example, remarkable results have been obtained for proteins and peptides in a number of areas including obtainable mass,9~10-13 mass precision, l4 and analytical utility'5*'6 while another important class of biological molecules, deoxyribonucleic acids (DNA), has proven somewhat more challenging, generally yielding low resolution and/or sporadic results. [17] [18] [19] [20] [21] [22] Finding the best chromophore/matrix for a particular biological molecule commonly involves testing numerous matrix materials and/or desorption wavelengths with little understanding as to why a particular matrix and excitation wavelength does (or does not) work for a particular guest."a*" This has been the case because the two important physical processes in a successful MALDI event, ejection and ionization, result from irradiation with a single laser pulse. Neither process is optimized in this complicated event. For experiments involving proteins this has not been a limitation simply because useful and reproducible results are readily obtainable. However, the lack of understanding of the technique is hampering efforts to extend the remarkable protein results to the routine detection of oligonucleotides.
To begin probing and understanding the desorption and ionization processes we have constructed an apparatus to separate the vaporization and ionization processes in both space and time. The single, complicated desorptiom ionization event of MALDI is split into two isolated events:z4-26 (i) laser vaporization to form neutral species in the gas phase without fragmentation and (ii) laser ionization of these gas phase molecules. Each process can be studied and optimized separately"-30 and many of the processes that lead to low resolution mass peaks in MALDI experiments can also be eliminated.
The custom TOF mass spectrometer reported here incorporates a number of new design features, including a sample manipulation system for vaporization through the glass/thin film interface rather than from the vacuum/thin film interface, the inclusion of plates and grids in the ionization/ acceleration region of the mass spectrometer that prevent ions formed in the vaporization process from being detected, the use of two-color, two-photon ionization schemes, and the use of a hybrid dynode/microchannel-plate detector. The system was initially built to study the vaporization and ionization of oligonucleotides with a special photoionization tag molecule attached (see our results in Refs. 27 to 30 for more details). One motivation for this work on oligonucleotides has been the Human Genome Initiative. This program has highlighted the need for faster and more cost-effective se- quencing and detection techniques to accomplish the project in a reasonable amount of time at a reasonable cost (-15 yr and $3X 10" projected with present techniques).31
The description of the mass spectrometer in Sec. II is divided into four subsections: (A) laser vaporization system, (B) laser ionization and acceleration region, (C) ion detection system, and (D) typical experimental procedures. Our sampling techniques are described in Sec. III and experimental results on some simple test molecules and taggedoligonucleotides are given in Sec. IV.
II. THE APPARATUS
Our TOF apparatus for laser vaporizing and ionizing large molecules is shown in Fig. 1 . The drawing is shown as a lengthwise cross section of the chamber. The chamber utilizes a 6-port cross with 4-l/2 in. conflat (CF) flanges at each port (MDC Vacuum Products). The sample-manipulation/ laser-vaporization flange (H) is to the right in the drawing while the TOF drift tube (N) and detector are to the left. A Bayard-Alpert ionization gauge tube (Duniway Stockroom Corp. 1-075-K) is mounted on the upper port of the cross, while a 220 f/s turbomolecular pump (Varian TURBO-V200 with a Leybold Vacuum Products D16B backing pump) evacuates the entire system from the lower port. There are a pair of opposing quartz viewports (MDC Vacuum Products) on the remaining two ports of the cross. A double-sided CF flange (J) between the TOF drift tube and the cross has three single conductor vacuum feedthroughs (M, Ceramaseal) welded into it to provide voltages to the acceleration plates. A set of normal XYZ axes are shown in Fig. 1 as follows: (1) the long axis of the drift tube and the ion paths are parallel to the Z axis and (2) the ionization lasers enter perpendicular to the pair of quartz viewports parallel to the X axis.
A. Laser vaporization
An expanded view of the laser vaporization region (I in Fig. 1 ) is shown in Fig. 2 . A round, glass coverslip (Q) containing a ring of evaporated sample (see Sec. III for details) is taped into a groove on the end of a hollow, stainless-steel sample rod (D). The sample rod fits through a slightly offcenter hole in a CF flange (H) bolted to the 6-port cross. A split-ring clamp (F) tightened on the sample rod pushes an o-ring (G) into a groove in flange H when the chamber is evacuated. The split-ring clamp is adjusted so that the coverslip end of the sample rod sits a fraction of a centimeter from the first plate (R) of the four-plate ionization/ acceleration region. There are a number of 1 cm holes bored into the sides of the hollow sample rod to allow the inner portion to be evacuated or pressurized when the pump is turned on or off, respectively. The laser input end of the sample rod is capped by a 314 in. diameter, l/4 in. thick Sl-UV quartz window (A, ESCO Products), which is held against a grooved o-ring (C) by a stainless-steel cap (B) with three set screws. The vaporization laser beam is usually provided by a Spectra-Physics GCR-11 Nd:YAG laser (532 or 355 nm). A Continuum Surelite I Nd:YAG laser at 532 nm has also been used. The laser beam is reduced in size with an iris and/or by focusing with a lens before being sent through the sample rod onto the rear of the sample. The beam is incident upon a portion of the sample which is approximately on the center line of the chamber (3-5 mm from the center of the coverslip). Depending upon the ultimate size of the laser beam and the sample ring, 15 to 50 circular sections of the sample ring may be vaporized when the sample rod is rotated. The sample rod is rotated by hand or with a steppermotor/gear assembly (E, Anaheim Automation 23D204S stepper motor and DPS stepper motor controller, PIC design FLG5 series pulleys and FLSA series beltsj. Vaporization from the rear of the sample has occasionally been used in the past to study the desorption mechanism with formvar coated copper grids"' and to increase the resolution of MALDI experiments with evanescent electric fieldsT3 for example. It is used here to vaporize as much sample as possible into the gas phase. The entire sample from the vacuum/sample interface. to the sample/coverslip interface is vaporized since the vaporization starts from the sample/coverslip interface.
B. Laser ionization and acceleration region
After the laser light is absorbed by the sample on the coverslip, both the matrix and the analyte expand into the vacuum and travel through a 3 mm hole in the first plate (R, grounded) of the ionization/acceleration region. The second plate (T) is 1.91 cm from the first plate and is held at a large positive voltage (HVr). There is a 1.27 cm diameter hole in the center of both the second and third (V) plates, while the fourth plate (W) has a 2.54 cm diameter hole in its center. These holes are covered with a fine stainless-steel mesh (Buckbee-Mears, 30 lines per inch; 90% transmittingj that has been spot-welded on the plates. A pair of 1.25 cmX2.54 cm rectangular screens (S) are also spot-welded to the first two plates. These screens are parallel to one another and perpendicular to the surfaces of the plates. Most of the positive ions that are formed directly in the vaporization process should be excluded from the ionization region between plates 2 and 3 by the approximately 530 V/cm field between plates 1 and 2. The screens attached to the first two plates give an additional deflection (1600 V/cm) in the YZ plane to both the positive and negative ions formed in the vaporization process, further reducing the possibility of detecting these unwanted ions.
The neutral molecules transmitted by the second plate are intersected by a pair of counterpropagating laser beams (U) that first excite and then ionize the analyte in a twocolor, two-photon REMPI process. The pair of ionizing laser .beams are provided by a Lambda-Physik FL3002 dye laser pumped by a Lambda-Physik EMGlOlMSC excimer laser. Most of the 308 nm light from the excimer laser is sent into the dye laser, which produces light from approximately 330 to 400 nm for these studies (p-terphenyl, DMQ, PBD, QUI, and BBD laser dyes, Exciton). A two-lens telescope expands and collimates the output of the dye laser before being sent into the chamber. Approximately 10% of the 308 nm beam is split off and steered into the chamber so that it overlaps with the beam from the dye laser. In this configuration, one 361.5 nm photon plus one 308 nm photon will excite underivatized anthracene to the lowest vibrational level of the first excited state (O-O transition) and ionize the excited molecules, respectively, while O-O excitation of our anthracenetagged oligomers requires a slightly less energetic photon for the first step (-376.5 nm).'9 Neither beam is focused before entering the chamber, but both beams are collimated with irises and slits. The ionization lasers are delayed with respect to the vaporization laser with an adjustable pulse delay generator (Berkeley Nucleonics Corp. 8010).
Since the third plate (1.27 cm from the second plate) is held at only a slightly lower voltage than the second plate {HV,-HV,% +50 to $200 V), the newly formed ions are gently accelerated toward the third plate. Ions pass through the third plate into the primary acceleration region of the TOF apparatus and are accelerated through an additional HVZ volts since the fourth plate (1.27 cm from the third platej is grounded. A two-step acceleration scheme is used for two reasons. First, it has been shown that the voltages in such a scheme can be optimized independently to obtain the best resolution for a given instrument.34y35 Second, the transition energies of both the resonant and the ionizing transitions of molecules can be shifted in a large, external electric field.36*37 If the transition linewidths of our molecules are sufficiently narrow (as they might be if the vaporized sample is collisionally cooled after Iaser vaporization29), then the photon energies required for the resonant and/or ionizing transitions may shift significantly, thus decreasing the ionization probability. Ionizing the vaporized neutrals in a relatively small electric field and accelerating afterwards in a larger field reduces this problem.
The four plates for accelerating the ions (R, T, V, W) are rigidly held in place with threaded rods and ceramic spacers (Kimball Physics) to a welded tube/plate assembly (L) that is attached to the fourth plate. The entire assembly is clamped in a hole in CF flange J by a split-ring piece (K) that is partially welded to the flange. When the split-ring piece is not tightened, the acceleration plates and the tube/plate assembly can be translated aIong and rotated around the z axis. The voltages for the plates enter the vacuum chamber through feedthroughs M. The wires providing the voltages to the plates are insulated with ceramics (Omega Engineering) and run along the outside' of the tube L to the appropriate plates where they are spot-welded. The voltages are provided by various high voltage power supplies, including: (1) a homemade power supply which contains a pair of EMCO High Voltage PD1500 and PD2500 modules, (2) a Bertan Associates 325 power supply, or (3) a Tennelec TC9.52 power supply.
C. Ion detection
The detector region of our TOF apparatus is shown in Fig. 3 . After the ions are formed and accelerated, they are allowed to drift through a grounded, field-free region (L, N) before being detected. At the detector end of this field-free region (61.0 cm from the fourth acceleration plate) are two pairs of parallel plates (BB and CC). The pair of rectangular plates that are parallel to the 2 axis (CC, 3 cmX7 cm, 1.27 cm apart) are used to deflect a subset of the ions away from the detector by supplying a -150 V pulse to one of the plates over the appropriate time period (O-1000+1 ,us). Low-mass, matrix ion signals can easily saturate the detector, making the detection of higher mass ions impossible. The parallel plates can be used to deflect away matrix ions while allowing higher mass ions to pass through to the detector. The voltage for the deflector plates is provided by a homemade, pulsed power supply which is triggered from a signal that is synchronous with the vaporization laser. The output pulse of the. deflector plates can be highly variable (23 ps) if they are not run at a constant rate, therefore, the deflectors are triggered synchronously with the lamps of the vaporization laser (a YAG laser at 10 Hz) and not just when the laser is intermittently fired (Q-switch opened). The pair of plates (BB, 7.62 cm apart) on either side of the deflector plates are in contact with the flange surrounding the deflector assembly (AA) and have 1.27 cm holes in their centers to allow ions to pass through. These two plates ensure that ions outside the deflector region are not affected by the pulsed electric field of the deflector plates.
Ions that are not deflected in the drift region go through a stainless-steel mesh, EE, which is 8.26 cm from the closest deflector plate, giving a 76.88 cm total TOF drift region (=distance from plate W to mesh EE). The ions are accelerated towards a single, Venetian-blind, copper-beryllium dynode (FF, Thorn EMI EM105) which is at -10 kV (Spellman High Voltage Electronics RHR20PN120 power supply) and is 3.3 cm from the wire mesh. The dynode voltage is provided via a CF-flanged, single-conductor vacuum feedthrough (GG, Ceramaseal). Post-acceleration (acceleration just before detection) has been shown to improve the detectability of large ionsb39 but can decrease the ultimate resolution of mass spectrometers.40 The ions that hit the dynode are converted into electrons and secondary ions40 '41 which are then accelerated towards a dual, chevroned microchannel plate detector (HH, R. M. Jordan Co. C-701 detector with two Galileo Electra-Optics MCP-18N microchannel platesj. The use of microchannel plates with a single metal dynode has allowed us to vent our chamber as often as necessary with no adverse effects (each sample usually lasts about 20 to 40 min). The oxide film that inevitably forms on the metal dynode does not degrade its performance. The three high voltage plates of the microchannel plate detector are held at -2200, -1200, and -200 V with a single high voltage power supply maintained at -3000 V and connected to a series of voltage dividers. The front (grounded) plate of the detector is 1.0 cm from the post-acceleration dynode. The analog output of the detector is externally amplified (X100) by either a homemade amplifier or by a Pacific Instruments AD6 amplifier-discriminator. The output of the amplifier is digitized by a LeCroy digital oscilloscope (9410 or 7200A with 7242A plug-in) and transferred to a 33 MHz 486-based PC computer (DeWitt Computers) via a GPIB interface (National Instruments AT-GPIB).
D. Typical experimental procedures
A typical experiment with this apparatus begins with the alignment of the vaporization and ionization laser beams. There are a pair of iris diaphragms mounted outside of and on either side of the chamber. The counterpropagating pair of ionization laser beams are steered through both diaphragms which have been aligned so that the beams travel close to and parallel to plate V. The vaporization laser is steered through the sample holder with a series of apertures, including a pair of diaphragms outside the chamber, the l/8 in. hole of the first plate (R), and three holes that have been burned into the grid mesh on the second, third, and fourth plates by the vaporization laser. The laser powers are measured and optimized as necessary with a Scientech 37-2002 power meter with either a 380103 (190-250 nm) or a 380101(400-1200 nm) detector head. When a sample is ready, the chamber is vented with nitrogen or argon gas through a venting port in the turbomolecular pump. After ambient pressure is reached the sample holder rod is removed, the coverslip containing the sample is taped to the end of the sample holder, and the sample rod is reinserted into the apparatus which is reevacuated. With the vaporization laser beam blocked, the delay between the vaporization and ionization lasers as well as the deflector plate cutoff time can be set with the oscilloscope. The inputs to the oscilloscope are as follows: (1) one channel is the amplified signal from the microchannel plates, (2) the other channel is either a signal from the vaporization laser (a Motorola MRDSOO photodiode signal or a Q-switch sync-pulse) or the e-10 signal from the deflector plates, and (3) the oscilloscope is triggered by a photodiode which detects the fluorescence or scattered light from a piece of white paper produced by one of the ionizing lasers (=time zero of TOF mass spectrum). A timing diagram for the various signals is shown in Fig. 4 . While detecting the vaporization laser signal on the oscilloscope, the delay between the vaporization and ionization lasers typically is set to between 0 and 800 pus using the pulse generator. There is an additional constant, nonzero delay between the excimer trigger pulse and its light output (-8 ps). The width and start time of the deflector plate pulse are then set to blank an appropriate region of the time-offlight (TOF) spectrum. After the lasers are turned off, the Rev. Sci. Instrum., Vol. 65, No. 6, June 1994 vaporization laser is unblocked and is fired once. The TOF data can be transferred from the oscilloscope to the computer or the oscilloscope can average a number of TOF spectra internally before transfer. Since the vaporization laser clears the entire sample area intersected by the beam, the sample must be rotated to reveal fresh sample before each laser pulse. The blocking and unblocking of the vaporization laser is repeated as necessary to change either the delay between the lasers (while measuring a velocity distribution, for example) or the mass region that is blanked by the deflector plates. Typical operating parameters for the apparatus are listed in Table I .
III. SAMPLES
Gur samples consist of solid films deposited from a solution of the chromophore/matrix and the analyte on 12 mm diameter glass coverslips (Fisher Scientific, 0.13-0.17 mm thick). The films are prepared as 7-10 mm o.d. rings that are approximately 0.5-l mm wide depending on the diameter of the pipette tip used to lay down the sample (Denville Scientific P-3105, P-3080, or P-3111 tips). The rings are formed with a homemade device that includes: (1) a stepper motor that spins a circular aluminum piece with a 12 mm diameter groove and (2) an adjustable arm that securely holds a plastic pipette tip on the surface of the coverslip. The liquid samples that are applied to the coverslip usually consist of three components dissolved in deionized water: (1) the matrix, rhodamine 590 (Rh hG, Exciton) or neutral red (Sigma Chemical), (2) the tagged nucleotide(s), and (3) a small molecule that improves the shot-to-shot reproducibility of the ion signals2' (some pentoses and hexoses, thymine, thymidine, and hydroxypicolinic acid have been tried). Rhodamine dyes have been used previously in laser desorption experiments.17' 4z2-45 These include MALDI experiments of both single component dye matrices'7*42 and two component matrices of a dye and a typical UV-absorbing matrix material.43 Levy and co-workers mainly used rhodamine B to evaluate the uniformity of some sample films, but it was not found to be essential for desorption.44 Wronka vaporized Rh t5G into a supersonic expansion to study the multiphoton ionization of the cooled dye.45 In our experiments the laser dye is crucial to the vaporization of our biomolecules as unfragmented neutrals. The appropriate amount of a stock solution of the dye/small-molecule mixture (2.09 mM dye, l/5 to l/500 molar ratio dye/small-molecule) is added to a dried nucleotide sample (l-20 nmol) giving a solution that is anywhere from l/l to l/200 molar ratio nucleotide/dye. 2 to 20 ~1 of the final solution is applied to the coverslip in < 7 ~1 portions. Both the solvated and dried nucleotide samples are stored in a freezer at -15 "C.
The nucleotide samples are synthesized at Wayne State University. They are oligomers of deoxythymidine-.5'-monophosphate (dTMP) with a single photoionization tag molecule attached to the monophosphate end of each oligomer. The counterions for the phosphate groups are ammonium ions. The tag is: A-(CH.&-CO-NH-(CHJ,, where A=9-anthracenyl. Samples are always handled under reduced (but not dark) room lights to avoid photochemical decomposition of the tagged nucleotide.
When necessary, a test molecule such as 9,10-diphenylanthracene (Aldrich) is vaporized in place of the tagged nucleotide or a small amount of anthracene (Eastman Organic Chemicals) is placed inside the TOF chamber and the partial pressure of anthracene is ionized and detected. All dyes and test molecules are used as supplied by the manufacturers.
IV. EXPERlMENTAL RESULTS

A. Spatial distribution
The spatial distribution of laser vaporized, neutral DNA has been reported previously and can be fit to a cosrzo ,distribution.30 A two-dimensional slice through the center of the circular distribution (intensity vs distance along the Y axis) has been reproduced within the dimensions of the vaporization apparatus in Fig. 5 to provide some indication of the tightly focused nature of the vaporization plume. The slice is depicted for the 32P radio-isotope distribution 15 mm from the vaporization spot. The vaporization spot size for this measurement was 2 mm. This spatial distribution is important for three reasons. First, the high n value of the cos n distribution implies that a large number of collisions are involved in the vaporization process. This leads to free jet expansion conditions where more than lo3 collisions per molecule are expected.46 Second, the tightly focused distribution implies that most of the kinetic energy of the vaporized molecules is along the direction parallel to the field free drift tube. This implies that off axis energies will contribute little to the energy dispersion mechanisms that decrease mass resolution. And finally, the highly focused distribution implies that most of the molecules will pass through a well defined region of space for subsequent ionization. This increases the ionization yield per laser shot. a FIG. 5 . A plot of the spatial distribution of laser-vaporized, radiolabeled dATF' superimposed upon the acceleration region of our TOF mass spectrometer. The vaporized molecules were collected on a two dimensional target 15 mm from the vaporization region. The distribution of radiolabeled material was measured using a radioactivity scanner with 0.4X0.7 mm' resolution.
B. Velocity distribution
Knowledge of the velocity distribution of the laser vaporized, neutral molecules (matrix and guests) is essential for understanding the vaporization process. A typical velocity distribution for 1-mer (a single dTMP plus the anthracene tag) laser vaporized from a thin film of neutral-red/fructose is shown in Fig. 6 . This plot was generated by measuring the intensity of the ion at m/e 6.53 as a function of the time delay between the vaporization and ionization laser pulses. The measured time distribution has been transformed into velocity space using the following function for a density-sensitive detector: 0 loo0 2000 3000 VELOCITY (mls)
FIG. 6. A velocity distribution for 1-mer laser vaporized from a thin film of neutral red and fructose (1:12:120, 1mer:neutral red:fructose) using 532 nm laser light incident at -100 mJ/cm'. The plot is generated by measuring the intensity of the parent ion as a function of delay time between the vaporization and ionization lasers. The line through the data is mainly given to aid the eye and is a sum of two equilibrium Maxwell speed distributions. The parameters for the line (a multiplication factor, a velocity offset, and a temperature for each distribution) are our best guesses for the true values. nV,=; s(t),
where f( V) is the velocity distribution, t/c is the Jacobian for a density specific detector, t is the arrival time, c is a constant, and g(t) is the time-of-flight distribution.47 The velocity distribution is bimodal and the most probable velocity, u,,,~ for the fast component is 750 m/s and umP for the slow component is 145 m/s. Note that the fast component is hyperthermal with TM=22 000 K from the following equation:
& where T, is the temperature of the Maxwell distribution calculated from the most probable velocity, m is the mass of the vaporized molecule, and k is Boltzmann's constant. In this case neither distribution is offset from zero, so the temperatures calculated from the u,n's equal the temperatures calculated from the widths of the distributions. Under the appropriate conditions, the temperature calculated from the width of the velocity distribution is substantially smaller than the temperature calculated from the u mp .29 This cooling of the translational energy coupled with the hyperthermal kinetic energy of the most probable velocities suggests collisional cooling is operative in the vaporization process under these conditions. E H E i 0.5 > F g 6. Resolution
The simplest configuration for measurement of the resolution is ionization of a background gas without use of the laser vaporization system. A small quantity of anthracene was placed in the chamber to produce a vapor pressure of -1 X 10V6 Torr at 300 K, which was ionized using 308 nm radiation alone. For this experiment, the 308 nm beam was focused in the center of the ionization region using a 30 cm. cylindrical lens. The corresponding unamplified mass spectrum revealing a single peak at m/e -178 is shown in Fig. 7 . Figure 8 shows the same spectrum expanded around the anthracene peak. From this measurement we calculate that the resolution of the spectrometer is 104 (m/Am). Amplification of the raw signal using the preamplifier decreases the resolution to 52. It is interesting to note that if the CuBe post- acceleration detector (FF in Fig. 3 ) is removed from the system, the resolution for unamplified signal increases to 219 (figure not shown). This is due either to the variation in flight time ions (l/velocity times +2 mm), when using a venetianblind dynode, or to the production of anions of various masses (and, therefore, various flight times) in the conversion step.4" Note that this resolution is measured for a thermal sample for which the analyte is moving isotropically in the chamber. If we change the sample source to the laser vaporization experiment, a decrease in the full width at half maximum is observed in the measured 'mass spectrum. This effect is shown for diphenylanthracene in Fig. 9 . In this experiment the diphenylanthracene was codeposited with Rh 6G and vaporized with 160 mJ/cm' of 532 nm light with tind without the amplifier. The resolution for the unamplified signal without the -10 kV dynode has increased to 287 as a result of the collisional cooling of the laser vaporization process. The peak broadening effects of the amplifier and the -10 kV dynode can also be seen in this figure. In the laser vaporization process, the Rh 6G serves the purpose of (i) vaporizing the diphenylanthracene, (ii) accelerating the sample up to the stream velocity of the Rh 6G plume, and (iii) collisionally cooling the internal and translational degrees of freedom of the molecule. This cooling has the effect of removing the random motion of the diphenylanthracene. In essence, the collisions remove that portion of the translational energy spread which leads to the poorer resolution for the thermal samples.
D. Mass calibration
A mass calibration curve was produced for the spectrometer with gas phase anthracene and a number of samples covaporized with Rh 6G. The covaporized samples included diphenylanthracene, our tag molecule [N-(6-hydroxyhexyl was produced using a nonlinear least-squares fitting routine. based on the matrix methods in Refs. 48 and 49. The function used to fit the data is as follows:
where m=mass (m/e), r=time (*us), A=time offset (-1.519 475 /..s), and B =multiplication facto] (0.274 574 6). It shouId be noted that the calibration curve will be different for static gases and for molecules produced in the vaporization process. This is because molecules can acquire an appreciable amount of kinetic energy in the laser vaporization process before ionization occurs. This effect has been pointed out previously?' Note also that the gain of kinetic energy in the laser vaporization process changes with mass and the stream velocity (kinetic energy) of the expan-. sion will increase with increasing vaporization laser power and with increasing film thickness.51 v. CONCLUSION A time-of-flight mass spectrometer for the probing of large, thermally labile biomolecules has been described. The spectrometer employs laser vaporization from the glass/thin film interface to obtain unfragmented, neutral biomolecules in the gas phase followed by laser ionization of the neutral molecules. Ions formed in the vaporization process by MALDI are deflected away from the ionization region of the: spectrometer so that only vaporized neutrals are probed. The spectrometer was characterized by measurements of the spatial distribution of vaporized DNA, the velocity distribution of laser desorbed neutral molecules, and the resolution (ml hm) of detected ions. The spectrometer has shown the following useful characteristics: rapid sample changing capabilities, n&degraded performance even when frequently vented to air, narrow spatial and time distributions for appropriate sample conditions, and vaporization of the entire thin tjlm system in a single shot. More detailed experimental results obtained with this apparatus are contained in Refs. 29 and 30.
